Parametric generation of multimegahertz acoustic oscillations in laser-generated multibubble system in bulk water Sergey 9 However, many realistic systems contain multiple gas or vapor bubbles and their cavitation dynamics may exhibit collective behavior due to interbubble interactions 9,10 strongly enhancing the mechanical, optical, and chemical effects of a single bubble. 10 Dynamics of multiple interacting bubbles were the subject of numerous theoretical studies, 5, 10 but are not yet well understood. Moreover, experimental studies of multibubble systems are very laborious or even not possible by means of common optical techniques, 9 while more informative acoustic techniques require use of state-of-the-art acoustic transducers. Therefore, an experimental insight into multibubble dynamics provided by unique experimental tools is very important for continuous progress in this research field. In this letter we report using a contact broadband photoacoustic ͑PA͒ technique to study parametric generation of multimegahertz acoustic oscillations in a system of multiple cavitating steam bubbles produced on a free surface of bulk water by nanosecond CO 2 laser heating above its explosive boiling threshold.
A 10.6 m, transversely excited atmospheric ͑TEA͒ CO 2 laser beam ͓TEM 00 , 100 mJ/ pulse, 100 ns full width at half maximum ͑FWHM͒ first peak with a 0.7 s tail, 1 Hz repetition rate͔ was focused by a ZnSe spherical lens ͑f = 10 cm, Gaussian focal spot radius 1/e Ϸ 0.2 mm͒ at normal incidence onto a free surface of bulk de-ionized water in a container made of a plastic tube of a height H Ϸ 8 mm. Laser energy was varied using a number of clear polyethylene plastic sheets ͑20% attenuation per piece͒ and was measured in each pulse by splitting off a part of the beam to a pyroelectric detector with digital readout ͑Gentec ED-500͒. The front 5 mm thick protective quartz window of a fast acoustic transducer ͑LiNbO 3 piezoelement, nearly flat response in the 1 -100 MHz range, manufactured in the Laboratory of Laser Photoacoustics at Moscow State University͒ served as the bottom of the container. The relatively small laser spot on the water surface provided PA measurements in the acoustic far field that were distorted by diffraction ͓the
2 / C l is the diffraction length 11 for acoustic pulses with characteristic frequencies f =1-10 MHz and the speed of sound in water C l Ϸ 1.4 km/ s 12 ͑Ref. 12͔͒, resulting in differential shapes of recorded transients. 11 A LeCroy storage oscilloscope ͑Wave-pro 940͒ was used to record the acoustic transients ͑delayed by 8 s needed for sound to propagate in water and the protective window͒ from the transducer. PA measurements were performed in the laser fluence range F =0.8-11 J/cm 2 and, in good agreement with literature data, 13 the nearcritical explosive boiling threshold of water was found to be equal to F B =1.7 J/cm 2 where visible expulsion of water jet starts to occur.
A typical PA transient, representing a temporal profile of acoustic pressure P͑t͒ under explosive boiling conditions in water at F =3.5 J/cm 2 Ͼ F B , is shown in Fig. 1 . In the time frame t =8-8.2 s this transient exhibits a main bipolar pulse with a FWHM parameter equal to that of the main peak a͒ Author to whom correspondence should be addressed; electronic mail: skudryashov@astate.edu and sergeikudryashov@yahoo.com of the laser pulse. This pulse is generated in a nonlinear thermoacoustic generation regime via the "thermal nonlinearity" mechanism, 11 corresponding to near-critical conditions for superheated water. The actual wave form with a predominant compression phase ͑positive phase in the inset of Fig. 1͒ characteristic of explosive boiling 13 transforms to a bipolar one with predominant tensile phase ͑negative phase in the inset of Fig. 3͒ due to the diffraction effect in the acoustic far field 11 where data acquisition was performed. Accompanying the intense bipolar pulse in Fig. 1 are loweramplitude oscillations which occur at different frequencies f decreasing as a function of time: f Ϸ 15-30 MHz at t = 8.2-9.4 s, f Ϸ 5 -15 MHz at t = 9.5-11 s, and for t Ͼ 11 s there are very pronounced 1 and 2 MHz oscillations.
14 At later times, the first echo in the water layer can be seen at t Ϸ 20 s, while the next two appear near 32 and 44 s, respectively. Note that none of the main bipolar, oscillatory, and echo signals was observed without the laser pulse heating the water surface or with the acoustic transducer not in contact with the water container.
The pressure oscillations on the time scale t = 8.2-20 s can be interpreted as cavitation dynamics of steam bubbles including the characteristic stages of bubble growth ͓positive P͑t͔͒, shrinkage and collapse ͓negative P͑t͔͒, and rebound ͓next positive stage of P͑t͔͒.
1,6 These bubbles are formed, following CO 2 -laser ablation of the top water surface layer in the form of a vapor-droplet mixture 15 under explosive boiling conditions, in the underlying layer that is not superheated enough for ablative removal, rather than at the periphery of the laser spot where similar subthreshold energy deposition into water is provided for smaller F Ͻ F B . Indeed, formation of such bubbles on this time scale in the center of the laser spot for F Ͻ F B has not been observed in our experiments.
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